Abstract: A microstrip active quasi-circulator is presented using two generic amplifier blocks and two power couplers. The power couplers are parallel-coupled lines with a slow-wave structure in order to improve the isolation between ports of the quasi-circulator. A detailed analytic design procedure is presented for the slow-wave couplers based on the capacitive coupling modelling approach for coupled transmission lines. Experimental results show that the quasi-circulator has an insertion loss between 1 and 22 dB, a return loss better than 11 dB at each of the ports and an isolation better than 20 dB from 1.0 to 3.0 GHz. The input 1 dB compression point is 14 dB m at 2.4 GHz.
Introduction
Circulators are three-port non-reciprocal devices in which the incident signal at one port circulates in a single direction, for instance, clockwise, towards the next port. Non-adjacent ports are isolated from each other. These circuits can separate an incident wave from a reflected wave and thus can be used in reflection amplifiers [1] and reflection phase shifters [2] , for example. Circulators are also used for duplexing in radio systems to allow an antenna to be shared between a transmitter and a receiver [3] . Most circulators currently in use are passive and they are made using ferrite materials, which make them costly, and they are not compatible with monolithic integration. To eliminate the use of ferrites, there have been several investigations into active circulators realised with transistors and gain elements.
In [4] , an active circulator was demonstrated using three transistors and it had an upper frequency cutoff of 3 MHz. Later in [5] , a similar topology to that in [4] was used and the frequency response was extended to 2.1 GHz with an insertion loss of 6 dB and an isolation of 18 dB.
In [6] , a unilateral out-of-phase power divider realised using an active balun was used together with a GaAs FET in-phase power combiner to make an active quasicirculator. A quasi-circulator is a simplified version of a circulator in which there is a power transfer from port 1 to port 2, and from port 2 to port 3, but there is no power transfer from port 3 to port 1. The circuit in question had a wideband response, an insertion loss of about 5 dB and an isolation higher than 15 dB over the band. Three quasicirculators were later used to make a complete circulator circuit, at the expense of larger chip area.
In [7] , an active circulator is shown which uses three amplifiers in a ring configuration and there is a power coupler at the junction between amplifiers. Lastly, a narrowband integrated active circulator antenna was proposed in [8] for use in transmit -receive applications. That circulator was a hybrid circuit implemented using a set of amplifiers also in a ring configuration.
In this work, a novel microstrip active quasi-circulator is proposed which uses two generic amplifier blocks and two power couplers with a slow-wave structure in order to improve the port-to-port isolation of the quasi-circulator. The isolation and the return loss are very good, and they are better than 20 and 11 dB, respectively, from 1.0 to 3.0 GHz. Although the other works surveyed do not present the power performance of their active circulators, in this work the input 1-dB compression point has been characterised and it is 14 dBm. This paper is organised as follows. Section 2 presents the circuit concept, Section 3 gives a detailed design procedure for the slow-wave couplers, Section 4 presents the experimental results and Section 5 concludes the work.
2
Quasi-circulator circuit description A diagram of the proposed active quasi-circulator is shown in Fig. 1 . The signal enters the circuit at port 1, whereupon it encounters a set of parallel-coupled lines with a slow-wave structure. The coupled line design will be discussed in more detail at a later point. Some of the incident energy will be coupled to the second transmission line and it will enter the first amplifier where the signal will be amplified and eventually exit at port 2. In order to achieve a 0 dB insertion loss from port 1 to port 2 (S 21 ), the amplifier gain must be equal to the coupling factor of the first set of coupled lines, so that the two quantities balance each other out. When the signal from amplifier 1 enters the second set of coupled lines, a small amount of energy will be coupled to its second transmission line and it will be absorbed by the 50-V load. Now suppose that the incident signal enters the circulator at port 2. In this case, the energy will be coupled in the second set of coupled lines and the coupled signal will be amplified by amplifier 2 and eventually exit at port 3. Again, to achieve a 0 dB insertion loss for S 32 , the gain of amplifier 2 must equal the coupling factor of the coupled lines.
In this active quasi-circulator circuit, the first coupler is needed in order to improve the isolation from port 2 to port 1 (S 12 ) since in this case S 12 is determined by two quantities: (a) the reverse transmission coefficient of amplifier 1 and (b) the coupling factor of the first coupler. When added together, these two factors lead to a high isolation between port 2 and port 1.
The isolation from port 3 to port 2 (S 23 ) depends on the reverse transmission coefficient of amplifier 2 and on the coupling factor of the second pair of coupled lines. Since these quantities are similar to those of amplifier 1 and the first coupler, it is expected that S 32 will be close to S 12 , which is verified by experiment in Section 4.
The factors that determine the isolation from port 1 to port 3 (S 31 ) are different from the previous two cases and require special attention. The signal propagating from port 1 to port 3 goes through the first coupler and amplifier and it emerges with a 0 dB insertion loss as it enters the second coupler. At the second coupler, some energy goes to the coupled port, where it is primarily dissipated in the 50-V load, but some leakage energy reaches the isolated port of the coupler. This leakage energy is subsequently amplified by amplifier 2 and it ultimately reaches port 3. Therefore in order to have a high isolation between port 1 and port 3 of the active quasi-circulator, it is critical for the second coupler itself to have a high isolation. To achieve a high isolation, a slow-wave coupling structure is used.
It is well known that in a pair of common microstrip coupled lines, such as the ones in Fig. 2a , the even and the odd modes propagating through the structure travel at different phase velocities [9] . This is caused by the fact that the even and the odd modes see different effective dielectric constants and hence they propagate at different speeds. The result is that if energy is incident at port 1 in Fig. 2a , then port 3 will not be completely isolated as predicted by theory, but instead there will be a certain amount of leakage energy that reaches that port. To reduce this effect, a coupler with a slow-wave structure such as the one shown in Fig. 2b can be used [10, 11] .
Given
The power performance of this active quasi-circulator is fundamentally determined, of course, by the characteristics of the amplifier circuits. It is interesting to note that in this circuit, if the insertion loss between the adjacent ports is 0 dB, then the input 1-dB compression point of the quasicirculator will equal the output 1-dB compression point of the amplifier used. This is because the gain of the amplifiers will compensate the coupling loss of the power couplers, which allows for relatively high input power levels.
3
Slow-wave coupler design
The best way to analyse the operation of the slow-wave structure in Fig. 2b is to consider how the extra path length introduced by the meander in the inner edges of the coupled lines contributes to the fringing capacitance of the parallel transmission lines. The fringing capacitance has an effect on the odd-mode effective dielectric constant and thereby on the odd-mode phase velocity [11] . This approach has the benefit that it lends itself conveniently to analytic calculation and one can make a reasonably accurate prediction as to the enhancement of the isolation, jS 31 j, of the slow-wave coupler with respect to the common coupler.
The even-and odd-mode effective dielectric constants and thus the even-and odd-mode phase velocities and impedances of the common coupler in Fig. 2a can be determined by the self and mutual capacitances between the two transmission lines. The total even-and odd-mode capacitances per unit length are given by [12] even mode:
For the even-mode capacitance, C p is the parallel-plate capacitance between the microstrip lines and the ground plane, C f the fringing capacitance on the outer edges of the transmission lines and C 0 f the fringing capacitance on the inner edges. For the odd-mode capacitance, C p and C f are the same as before, C ga is the fringing capacitance on the inner edges in the air dielectric and C gd is also the fringing capacitance on the inner edges but in the substrate dielectric. Analytic expressions for calculating all of these capacitances are found in [12] and they depend only on the following input variables: the width and the separation of the transmission lines, the relative dielectric constant of the substrate and the thickness of the substrate. Using C e and C o from above, the even-and odd-mode effective dielectric constants in the coupler are found using the expressions
where C e air and C o air are the capacitances calculated with (1) and (2) but for a substrate having a relative dielectric constant of 1.0 (i.e. air).
For the slow-wave coupler of Fig. 2b , the even-mode capacitance is approximately the same as (1) but the odd-mode capacitance is larger because the meandering path increases the fringing fields in the inner edges of the coupler by an amount directly proportional to the path length. The new odd-mode capacitance is therefore
where d s is the total path length of the slow-wave coupler along the centre line including the meander and d c is the total length of the common coupler of Fig. 2a . For the slowwave coupler, the odd-mode effective dielectric constant needs to be recalculated by using C os in place of C o in (4) . Note that since C os . C o , the odd-mode effective dielectric constant becomes larger for the slow-wave coupler with respect to the common coupler and therefore the phase velocity of the odd-mode wave is slowed down. The isolation, jS 31 j, of the common coupler can be obtained by first calculating the Z-parameter matrix of the four-port network as detailed in [13] and then converting the Z-matrix into the S-parameter matrix using the relationship
where z o is the characteristic impedance of the system, 50 V in this work, and U is the identity matrix. To predict the isolation of the slow-wave coupler, we make use of the fact that the isolation of any pair of coupled lines is given by [14] 
where g is a proportionality constant and k L and k C are the inductive and capacitive coupling coefficients, respectively, between the coupled lines. These two coupling coefficients are calculated using [15] 
For the common coupler of Fig. 2a , g is found by first calculating jS 31 j using (6) and then equating that result to (9) and solving for g. This value of g is subsequently used to calculate the isolation of the slow-wave coupler using (7). Using the procedure described above the isolation, jS 31 j was calculated theoretically for the common coupler and for the slow-wave coupler. To verify the accuracy of the theoretical approach, full-wave electromagnetic simulations using the field solver momentum were performed on both couplers. Fig. 3a shows the response of the common coupler and Fig. 3b is the response of the slow-wave coupler. At 3.0 GHz, the isolation of the common coupler is 20.9 dB, whereas for the slow-wave coupler the isolation is 33.6 dB, an improvement of 12.7 dB. The coupling coefficient, jS 41 j, for both the common and slow-wave couplers is about 10 dB. In this work, the length of the common coupler is d c ¼ 9 mm and the total inner path length of the slow-wave coupler is d s ¼ 13 mm. The gap between the transmission lines for both couplers is identical at 0.3 mm. The substrate has a thickness of 1.27 mm and its relative dielectric constant is 10.5.
Experimental results
The circuit in Fig. 1 was realised in microstrip with surfacemount gain blocks (Gali-2þ) from Mini-Circuits and they had a gain of about 12 dB and reverse transmission of about 20 dB between 1.0 and 3.0 GHz.
The quasi-circulator's measured insertion loss and reflection coefficients are shown in Fig. 4 . It is seen that S 21 and S 32 are in the range þ1 to 22 dB from 1.0 to 3.0 GHz. The reflection coefficients are better than 211 dB over the same band.
The isolation between the various ports is shown in Fig. 5 . For S 12 and S 23 , the isolation was expected to be better than 30 dB because the reverse transmission of the amplifiers was 20 dB from 1.0 to 3.0 GHz and the coupling factor of the couplers was about 10 dB. It is observed experimentally that S 12 and S 23 are indeed both below 230 dB and their frequency responses are very close to each other. This was to be expected because the signal paths between port 2 and port 1 and between port 3 and port 2 are similar, as explained in Section 2. The isolation between port 1 and port 3 in the forward direction, S 31 , is below 220 dB, which is in the neighbourhood of what is usually obtained with ferrite-based circulators. This value of S 31 was possible by the use of the slow-wave structure in the coupled lines because the leakage energy in the second coupler was noticeably reduced. Finally, the reverse isolation between ports 1 and 3 (S 13 ) is excellent at around 60 dB, because in that direction, the signal path involves two amplifiers in the reverse direction (20 dB þ 20 dB ¼ 40 dB) and two couplers (10 dB þ 10 dB ¼ 20 dB).
A plot of the power performance of the quasi-circulator is shown in Fig. 6 . The input 1 dB compression point was measured to be 14 dB m at 2.4 GHz, which is very close to the output 1-dB compression point of the amplifiers, as expected. A photograph of the circuit is shown in Fig. 7 .
Conclusion
In this work, a novel active quasi-circulator hybrid circuit has been proposed and experimentally demonstrated. The circuit operates between 1.0 and 3.0 GHz, has an insertion loss between the ports of approximately 0 dB, a return loss of 11 dB or better and an isolation better than 20 dB. The input 1-dB compression point is seen to be equal to the output 1-dB compression point of the amplifiers used. The use of slow-wave couplers was critical for the performance of this quasi-circulator since it made the isolation between ports 1 and 3 similar to what is obtained with ferrite circulators.
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